Water-soluble conducting polymers are of interest to enable more versatile processing in aqueous media as well as to facilitate interactions with biomolecules. Here, we report a substituted poly(3,4-ethylenedioxythiophene) derivative (PEDOT-S:H) that is fully water-soluble and selfdoped. When electrochemically oxidizing a PEDOT-S:H thin film, the film detaches from the under-laying electrode. The oxidation of PEDOT-S:H starts with an initial phase of swelling followed by cracking before it finally disrupts into small flakes and detaches from the electrode.
Introduction
During the last decades, conducting polymers have been increasingly explored for use in bioelectronics applications. 1, 2 Poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) are two commonly utilized biocompatible 3, 4 materials, that have been used for drug release, 5, 6 stimulation of cells during growth and to transfer electronic signals to and from biological tissues. 7, 8 Due to its superior (bio-)stability 9 and excellent conductivity 10 PEDOT has become the prime choice in bioelectronics.
Fully water-soluble conducting polymers are of interest to enable more versatile processing methods and for use in combination with biomolecules. [11] [12] [13] One route to achieve water-solubility in conducting polymers is to introduce charged side groups to the monomer. Such covalently bonded substituents may also make the resulting polymer self-doped, 14 meaning that the required counter ion during doping is a side group of the polymer chain itself. Since the first watersoluble conducting polymers 14, 15 were reported, water-soluble PEDOT derivatives have been enabled for example through poly(4-(2,3-dihydrothieno [3,4-b] - [1, 4] dioxin-2-yl-methoxy)-1-butanesulfonic acid, sodium salt (PEDOT-S). [16] [17] [18] [19] We recently demonstrated human epithelial cell detachment using a PEDOT-S:H thin film. 20 In PEDOT-S:H, Na + has during synthesis been replaced by H + (or rather H 3 O + ) as the charge compensating ion to the sulphonate groups. When electrochemically oxidized, PEDOT-S:H swells, cracks and detaches (figure 1), taking cultured cells along with it. Adherent cells are commonly detached with enzymatic methods that however may damage the surface proteins on the cells, 21 creating a need for alternative methods. Cells detached with PEDOT-S:H showed improved preservation of surface proteins compared to cells detached using enzymatic methods.
Further, re-seeded cells assumed a normal morphology. 20 In this paper, we have characterized the mechanism of PEDOT-S:H detachment in detail. We believe that thin film materials that actively disrupts and detaches upon electrochemical oxidation could also be used in other applications in which precise control over release is of interest, such as in drug delivery and as smart glues for packaging and labels.
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Figure 1. When a thin film of PEDOT-S:H (left panel) is submerged in aqueous electrolyte
(middle panel) it will swell or, if c<0.05 M, dissolve. If c>0.05 M, the polymer film will not dissolve and can be electrochemically oxidized in an aqueous electrolyte (right panel) In some electrolytes it will start to crack followed by subsequent disintegration to smaller flakes followed by detachment.
4
Earlier work on dissolution or delamination of conducting polymers has focused on the prevention of uncontrolled delamination through improved adhesion characteristics. 23 Another example involves dissolution of polythiophene films in organic solvents due to oxidative degradation. 24 We have not found any previous examples of electronic control of detachment of a conducting polymer that operates in water.
During synthesis PEDOT and PPy will be p-doped (oxidized), 25, 26 and to maintain overall electroneutrality anions will be incorporated in the film. During subsequent electrochemical redox switching in solution, changes in conductivity, colour and volume will occur. Polymer swelling during redox switching has been studied extensively in PPy [27] [28] [29] [30] and to some extent also in PEDOT 31, 32 and employed in actuator applications. [33] [34] [35] The direction of ion and solvent movement, and thus volume change, upon an applied potential will depend on the fixed charges within the (oxidized) polymer (P + in equation 1). If small anions (A -) are used as the counter ions during synthesis, these can leave the film (represented by brackets) upon reduction to a neutral state (P 0 ). If instead large anions, for example polyanions, (M -) serve as counter ions, these will remain within the film upon reduction and cations from the surrounding electrolyte will enter the film (equation 2). 36 If the films are re-oxidized, anions will either enter the film (equation 1) or be expelled (equation 2).
[
In the as-synthesized state of PEDOT-S:H the sulphonate groups will balance the positive charges on the polymer backbone, thus making the system intra-molecularly self-doped. The degree of doping has been estimated, using both elementary analysis and titration, to 0.3 in PEDOT-S:H. 13, 18 Thus, there will be an excess of fixed negative charges, balanced by protons, within the polymer film as all sulphonate groups are not involved in self-doping. When oxidizing a self-doped polymer further from its as-synthesized state, the increased number of positive charges on the polymer can either be balanced by the sulphonate groups on the polymer itself, by anions from the electrolyte or by a combination of the two processes. Previously, it has been reported that an increased degree of self-doping is the dominating process during redoxswitching in these polymer systems.
14,16
Here, we report on the mechanism of swelling and subsequent detachment of the PEDOT-S:H films during electrochemical oxidation and how the detachment characteristics are influenced by the electrolyte used, its concentration, its pH level and temperature. In addition, atomic force microscopy (AFM) and electrochemical quartz crystal microbalance with dissipation (EQCM-D) studies have been utilized to investigate and monitor the detachment mechanism. EQCM is used to study small changes in mass depending on the applied voltage. 37, 38 In QCM-D measurements the frequency response reflects the viscoelastic properties, thickness and density of any mass coupled to the quartz crystal that will appear as a change in frequency (f) and dissipation (D) at various overtones. 39 electrochemistry module connected to a Q-Sense (E4) chamber and an Autolab PGSTAT 10 was used as the potentiostat setup. Quartz crystals were analyzed and the coated with PEDOT-S:H.
After obtaining a baseline in air, the dry mass could be calculated using the Sauerbrey relation.
When performing meausurements in electrolyte, the Sauerbrey relation in combination with the Voigt model was used to evaluate the viscoelastic properties of the film. For full details, see supporting information.
Atomic Force Microscopy (AFM). Four different samples of PEDOT-S:H on ITO on glass
were analysed with AFM; including one pristine, two incubated in 0.1 M NaCl and one oxidized (at 0.9 V in 0.1 M NaCl) films. The films were dipped into water to remove residual salt. After drying tapping mode AFM (Veeco Dimension 3100 was carried out in air at room temperature.
For full details, see supporting information.
Patterning and inkjet printing. PEDOT:PSS foil (Agfa-Gevaert Orgacon F-350) was patterned using standard lithography techniques and reactive ion etching. The patterned PEDOT:PSS electrode substrates were coated with PEDOT-S:H (5 mg/ml) using an inkjet printer (Dimatix 2831). The electrodes of PEDOT:PSS were coated with PEDOT-S:H by printing an areal rectangle covering all electrodes. To define the electrolyte area, SU-8 was paintbrushed to allow only the area coated with PEDOT-S:H to be exposed to electrolyte. For full details, see supporting information.
Results and Discussion
Polymer characteristics. We have previously characterized the synthesis, composition and conductivity of PEDOT-S:H in detail. 18, 20 The material exhibit a high degree of self-doping and a conductivity of 30 S cm -1 in the oxidized state. In the neutral state, the conductivity decreases significantly, a fact that has been employed in electrochemical transistors. were characterized using AFM. After 90 seconds the polymer appeared swollen (figure 2b) and 9 the calculated roughness had increased compared to the pristine film. This confirmed that electrolyte will enter the film regardless of any applied potential and thus contribute to polymer swelling, as previously shown for PPy. 30 Swelling was also monitored using EQCM-D. An immediate decrease of the frequency indicated an increase in mass (figure 3). Moreover, an increase in dissipation appeared after exposure to electrolyte, indicating changes in the viscoelastic properties of the film, i.e. swelling due to inflow of hydrated ions.
Stability in different electrolytes. Next, we investigated the stability in different electrolytes and concentrations. In deionized water, PEDOT-S:H films were spontaneously and quickly dissolved. We assumed that there would be a limit for how much water the film could incorporate without becoming spontaneously dissolved. Using NaCl as the electrolyte, the stability of PEDOT-S:H films were tested at different concentrations (from 0.01 M to 2.0 M).
We found that for concentrations lower than 0.05 M the polymer film was dissolved (figure 1), as the inflow of water into the film was sufficiently large to dissolve PEDOT-S:H completely.
The stability was further tested in different electrolyte solutions, all at a concentration of 0.1 M. The impact on swelling and dissolving was studied for different divalent cations and anions (CaCl 2 and Na 2 SO 4 ) as well as polycations and polyanions (pDADMAC and PVPA). Supporting figure S1 shows the suggested ion movements for different electrolytes. As long as the concentration was higher than 0.05 M we found that the type of ions in the electrolyte did not influence the stability and the films were stable for at least four weeks (longer times not tested).
The influence of pH on stability was first investigated using diluted aqueous HCl and NaOH solutions. Only for pH values below 1.3 or above 12.7 did the PEDOT-S:H films remain stable.
These values correspond to electrolyte concentrations higher than 0.05 M. If instead adding HCl or NaOH to a 0.1 M NaCl solution the pH did not influence the stability characteristics. In basic electrolytes, the polymer backbone will be undoped, as evidenced by the dark blue/purple colour of the PEDOT-S:H film, which results from absorption by the π-π * transition at 500-600 nm. 12 This means that the butane-sulphonate side chains of PEDOT-S:H will no longer be needed for charge compensation and will therefore be strongly dissociated, both interand intra-molecularly due to the excess negative charge present. Gentle agitation of the electrolyte will completely remove the film from the underlying substrate.
AFM analysis revealed that, upon oxidation, the morphology of the PEDOT-S:H film was 12 markedly changed. Figure 2c and d show a folded structure indicating swelling and cracking of the film. These changes were also evident from the large differences in surface roughness. If instead reducing the polymer to its neutral state, no additional swelling or cracking occurred (data not shown). Using absorption spectroscopy, we have not detected any dissolved PEDOT-S:H in the electrolyte after detachment (data not shown), the detached polymer film is only present as small flakes.
As discussed above, during oxidation additional positive charges along the polymer chain can be compensated for either by anions from the electrolyte, or by rearrangement of the polymer chains to increase the degree of self-doping. 14, 16 As we see swelling upon oxidation, it is likely that anions enter the polymer in combination with additional self-doping. The suggested ion movements during oxidation are summarized in figure S1c.
It is clear that swelling is an important part of the detachment mechanism. Already when submerged in electrolyte the polymer film will take up water and expand. The swelling will increase further during oxidation, as indicated by a mass increase in the EQCM-D experiments (figure 3). Ion diffusion from the electrolyte for charge compensation during polymer oxidation will be accompanied by solvent, as has been shown for PPy actuators. 30, 44 When applying an electric potential between the substrate and the counter electrode ions will also initially migrate in the resulting electric field. 45 Swelling during redox reactions will also be influenced by differences in ion concentrations and thus water activities between the electrolyte and the polymer film, leading to variations in osmotic expansion. 48 (figure S1c), assumingly preventing further self-doping upon oxidation Further, using EQCM-D, we observed less swelling of the polymer film when using electrolytes with di-or trivalent cations (data not shown), as also noted previously for PPy actuators. 27, 48 To further investigate the cross-linking, we performed a combined experiment; when first incubating a PEDOT-S:H film in CaCl 2 and then transferring it to NaCl before electrochemical oxidiation, the film detached. This indicates that the Ca 2+ ions had been exchanged by Na + ions.
However, for incubation times in CaCl 2 longer than 3 days, the detachment time increased (figure 5a). After seven days of incubation it was in fact hard to achieve detachment at all. We have previously shown that when PEDOT-S:H films were incubated in NaCl for extended period of times the detachment time was not affected to the same extent. 20 When adding CaCl 2 to NaCl the detachment time increased with increasing amount of CaCl 2 added (figure 5b), indicating that there is a certain upper limit of the degree of cross-linking for which detachment does not occur. Further we compared the detachment processes in electrolytes including a polyanion (PVPA) or a polycation (pDADMAC) with that found in NaCl. PVPA and pDADMAC are both large 15 macromolecules that will not easily enter the PEDOT-S:H film. Cyclic voltammetry revealed that oxidation and reduction was possible regardless of the electrolyte (figure 6b). During oxidation in NaCl and PVPA a small peak is present around 0.2 V, in pDADMAC this peak is absent. Another noticeable feature is the large reduction peak present only in PVPA. It is clear that during redox-cycling of a PEDOT-S:H film, the electrochemical reactions and accompanying ion movements are somewhat different depending on the electrolyte. Applying a constant electronic potential caused an increase in mass accumulated within the polymer film, which was measured by a non-linear frequency decrease and an increase in dissipation. We then used the Sauerbrey model, discussed further in the supporting information, to calculate M eq (table 1) from the change in mass (∆m) and the charge transferred to the film (Q). Assuming that this change in mass was entirely due to inclusion of Cl -ions, the corresponding increase in ions included in the film equals more than 1 mol of Cl -ions (M = 35.5 g mol -1 ). The resulting mass data (M = 62 ± 5 g mol -1 ) instead suggested intercalation of both Na + and Cl -ions in their hydrated state (M NaCl = 60 g mol -1 ) into the film. In general, these results confirmed that the charge neutralization was achieved not only by the expected uptake of chloride ions but also with the addition of sodium to compensate the negatively charged sulphonate chains. However, in order for the Voigt model and the included parameters to be physically relevant we limited the input data from the start of the experiment to the beginning of detachment (0-600 s). Including data after 600 s to the Voigt model severely changed the output vector parameters that couldn't be analyzed. The significant increase in both ∆D and ∆f after 600 seconds suggest that detachment occurs through softening of the film (increase in ∆D) accompanied with almost a linear loss of material between 600-670 s (increase in ∆f).
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The modulated increase in mass of the film (table 1, Variations in detachment time. As described above, both the type and concentration of electrolyte will influence the detachment time. Previously we have shown that when we increased the magnitude of the positive potential (vs. Ag/AgCl) applied to the film the detachment time, in 0.1 M NaCl , decreased. 20 In addition we now evaluated the influence of temperature and pH of the electrolyte on the detachment time. The effect of heating or cooling the electrolyte was tested in 0.1 M NaCl. We found that heating decreased the detachment time (figure 7a). This was possibly due to faster dynamics of the polymer chains as well as faster swelling due to an increased ion diffusion rate. Also, using 0.1 M NaCl as electrolyte, the influence of pH on the detachment time was tested. HCl or NaOH was added to the electrolyte to establish the desired pH values. The detachment times decreased at basic pH (figure 7b). As mentioned above, PEDOT-S:H is reduced at basic pH and we assume that this reduction destabilized the polymer film and facilitated faster detachment. 
Conclusions
We have investigated the detachment mechanism of thin films of the water-soluble and self- Upon oxidation, the swelling of the polymer film increased further before it finally detached.
We found that the detachment was influenced by several crucial parameters. Increased temperature and basic pH values both decreased the detachment time. Moreover, di-or trivalent cations seemed to cross-link the PEDOT-S:H chains, thus preventing detachment. When increasing the electrolyte concentration, the detachment time increased, most likely due to less polymer swelling in turn caused by a decrease in the concentration differences between polymer and electrolyte. Upon oxidation, the resulting positive charges on the polymer backbone can be balanced either by anions from the electrolyte or by the negative sulphonate side groups of the polymer itself (more self-doping), or by both in combination. In the case of a polyanion electrolyte, no free anions are available. Detachment in this case was found to be faster than in electrolytes including small-sized anions. This indicates that it is the rearrangement of the polymer side chains that drives the actual detachment process. We therefore suggest that the detachment mechanism takes place in three parts, which was also supported by EQCM-D studies; first swelling due to inflow of water and electrolyte regardless of any applied potential occur, secondly an inflow of mobile anions (if any) will increase the swelling even further, thirdly the polymer chains rearrange to allow more self-doping. The rearrangement in turn leads to cracking and detachment of the entire film. In electrolytes with mobile small-sized anions the first part of oxidation includes diffusion of the anions into the polymer film to counter-balance positive charges, however rearrangement will eventually take place, leading to detachment.
